Hexagonal Dy0.5Y0.5MnO3, a multiferroic rare-earth manganite with geometrically frustrated antiferromagnetism, has been investigated with single-crystal neutron diffraction measurements. Below 3.4 K magnetic order is observed on both the Mn (antiferromagnetic) and Dy (ferrimagnetic) sublattices that is identical to that of undiluted hexagonal DyMnO3 at low temperature. The Mn moments undergo a spin reorientation transition between 3.4 K and 10 K, with antiferromagnetic order of the Mn sublattice persisting up to 70 K; the antiferromagnetic order in this phase is distinct from that observed in undiluted (h)DyMnO3, yielding a qualitatively new phase diagram not seen in other hexagonal rare-earth manganites. A magnetic field applied parallel to the crystallographic c axis will drive a transition from the antiferromagnetic phase into the low-temperature ferrimagnetic phase with little hysteresis.
I. INTRODUCTION
The crystalline structure of rare-earth manganites (RMnO 3 with R = Y, Sc, or a lanthanide) is determined by the ionic radius of the R 3+ cation. Materials with a large R 3+ ionic radius (R = La through Tb) crystallize in an orthorhombic perovskite structure, while materials with a smaller R 3+ ionic radius (R = Y, Sc, or Ho through Lu) [1] [2] [3] [4] [5] [6] crystallize in a hexagonal structure. DyMnO 3 typically crystallizes in the orthorhombic structure, 7 but with proper growth conditions hexagonal (h)DyMnO 3 can be stabilized. 8, 9 The hexagonal rareearth manganites, (h)RMnO 3 , are paraelectric at very high temperatures but display a structural transition (T C ≈ 1000 K) to a ferroelectric phase with the noncentrosymmetric P 6 3 cm space group. 10 The (h)RMnO 3 materials feature slightly distorted triangular lattice planes of Mn ions; the antiferromagnetic nearest-neighbor exchange interaction leads to geometrically frustrated magnetism. Below a Néel temperature of ≈100 K these materials are magnetically ordered, with easy-plane antiferromagnetic order of the Mn sublattice coexisting with the ferroelectric order. Many hexagonal rare-earth manganites display one or more spin reorientation transitions of the Mn moments at lower temperatures 11, 12 or under an applied field;
13,14 the R ions also form distorted triangular lattice planes and, for magnetic ions, will order along the c axis. Several of these materials have attracted interest because of significant magnetoelectric 15, 16 or magnetoelastic 17 effects. Despite the structural similarities between the various members of the (h)RMnO 3 family, the magnetically ordered structures often differ, with structures that transform according to each of the four one-dimensional irreducible representations of the point group observed in at least one material. The dependence of the magnetic ordering of the Mn sublattice on the rare-earth element has been attributed to the ionic radius of the R 3+ cation 18 or a biquadratic 3d-4f magnetic coupling.
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Hexagonal (h)DyMnO 3 , with the largest rare-earth ionic radius of this series, features an interesting magnetic phase diagram. 9, 19, 20 In the low-temperature phase (below ≈8 K) both the Mn and Dy sublattices are magnetically ordered according to the Γ 2 irreducible representation. At a temperature of 8 K the Mn moments undergo a spin reorientation transition and are ordered in the Γ 4 representation up to 68 K.
19 X-ray resonant magnetic scattering measurements also find a weak Dy moment in this temperature range, ordered according to the Γ 3 representation. 20 This incompatible order, with different irreducible representations present on the two sublattices, calls into question long standing assumptions about the rigidity of the 3d-4f interaction in (h)RMnO 3 materials.
19 YMnO 3 features magnetism only on the Mn sublattice and is known to order in the Γ 3 irreducible representation below T N ≈ 75 K.
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YMnO 3 has also been reported to feature large magnetoelastic effects 17 and coupling between electric and magnetic domains. allow for further examination of the role that the rareearth ions play in determining the magnetic structure and open up the possibility of novel phase diagrams not observed in undoped compounds. We report single-crystal neutron diffraction studies of hexagonal Dy 0.5 Y 0.5 MnO 3 (DYMO) and find evidence for a spin reorientation transition not seen in other hexagonal rare-earth manganites at zero field.
II. EXPERIMENT
Large, high-quality single-crystal samples of Dy 0.5 Y 0.5 MnO 3 were prepared as previously reported.
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DYMO crystallizes in the hexagonal P 6 3 cm space group (#185) with lattice parameters (at 300 K) of a = b = 6.161(1)Å and c = 11.446(2)Å. As in other hexagonal rare-earth manganites, Mn 3+ ions (S = 2) occupy the 6c positions at (x, 0, 0) with x ≈ Previously reported specific heat measurements found peaks at 3 K and 68 K; analogously with other hexagonal rare-earth manganites such as DyMnO 3 it was suggested that these peaks correspond to the onset of antiferromagnetic order of the Mn lattice, T Mn N ≈ 68 K, and ferrimagnetic order of Dy moments on the rare-earth lattice, T Dy N ≈ 3 K. Neutron diffraction experiments were carried out using the BT9 thermal triple-axis spectrometer at the NIST Center for Neutron Research. The neutron initial and final energies were selected using the (0 0 2) reflection of the pyrolytic graphite (PG) monochromator and analyzer. We used 40 -47 -40 -open collimation as well as PG filters to reduce contamination of the beam with higherorder neutron wavelengths. The detailed temperature dependence of four magnetic reflections (shown in Fig. 1 ) was measured using a large (≈1 g) single crystal mounted in the (H 0 L) scattering plane at a fixed neutron energy of 30.5 meV (λ = 1.64Å). Refinement of the ordered moments utilized diffraction measurements taken at temperatures of 1.6 K, 25 K, and 120 K at a fixed neutron energy of 30.5 meV. In order to minimize absorption of neutrons by the sample, these measurements were taken with small single crystals: an 8-mg sample mounted in the (H 0 L) scattering plane and a 6-mg sample mounted in the (H K 0) scattering plane. Some magnetic reflections also featured weak nuclear contributions which were removed by subtracting the 120 K intensity; the Debye-Waller factor has been ignored, which is justifiable, given that the intensities of nuclear Bragg peaks with no magnetic intensity [such as (0 0 L) where L is even] remained constant within the statistical uncertainties between 1.6 K and 120 K. The scattering intensity in absolute units, and from this the value of the ordered moments, was determined by normalizing the intensities of nuclear Bragg peaks measured at 120 K to the calculated nuclear intensities. The intensities of the (1 0 0) and (31 0) reflections in a magnetic field were measured on the 6-mg sample mounted in the (H K 0) scattering plane; the sample was placed inside a helium flow dewar with a minimum temperature of 4 K inserted into a 7-T vertical field superconducting magnet. These data were taken at a fixed neutron energy of 14.7 meV (λ = 2.36Å). All neutron diffraction data are reported in terms of the integrated intensity, integrated over a rocking curve (θ scan) through the peak position.
The allowed magnetic structures in DYMO correspond to the six irreducible representations of the P 6 3 cm space group with propagation vector k = 0; as in other hexagonal rare-earth manganites, only the four one-dimensional irreducible representations (designated as Γ 1 through Γ 4 ) are required to describe the observed structures. 28, 29 For each of these representations the Mn sublattice displays antiferromagnetic order within the ab plane, with the three spins around any triangle oriented 120
• apart. The R 3+ sublattice is ordered along the crystallographic c axis. The rare-earth 4b sites are antiferromagnetically ordered for the Γ 1 , Γ 3 , and Γ 4 representations; the 2a rareearth sites are antiferromagnetically ordered in the Γ 3 representation and paramagnetic for the Γ 1 and Γ 4 representations. The 2a and 4b sites are each ferromagnetically ordered in the Γ 2 representation, with the coupling between the two sites yielding either ferromagnetism or ferrimagnetism. In phases where only the Mn sublattice is magnetically ordered a hexagonal rare-earth manganite with x = 1 3 (featuring undistorted triangular lattice planes) would have perfectly identical neutron scattering structure factors in either the Γ 1 or Γ 3 representations, as well as in the Γ 2 or Γ 4 representations. Unambiguous differentiation between these homometric magnetic structures requires complementary measurement techniques such as optical second harmonic spectroscopy. 1, 21, 30 The distortion of the triangular planes leads to some variation in the neutron scattering structure factors; however, these results, from single-crystal diffraction measurements on a strongly absorbing sample, will not be able to distinguish between the Γ 1 and Γ 3 structures.
III. RESULTS
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T e m p e r a t u r e ( K ) tion becomes the strongest measured; this rapid change in intensity persists only to around 10 K. This will be shown to correspond to a spin reorientation transition of the Mn moments and perhaps explains the 10 K anomaly reported 27 in the derivative of 1/χ. Above 10 K the intensities of all peaks slowly decrease until reaching zero at 70 K. The intensity can be fit to an order parameter form:
2β . The dotted red line in Fig. 1 is a fit of the (1 0 0) intensity to this form with β = 0.25 ± 0.05. Table I displays the calculated magnetic intensities for the reflections shown in Fig. 1 with the largest reflection in each column normalized to 100. The reported intensities reflect the calculated magnetic cross section corrected for the resolution function of a triple-axis neutron spectrometer. Calculated intensities are shown for Mn moments ordered in each of the four one-dimensional irreducible representations, as well as for Dy moments ordered in the Γ 2 representation. Previous magnetization measurements on DYMO 27 with H || c revealed a low-temperature state with a spontaneous magnetization of ≈0.5 µ B per formula unit (measured at 2 K). Of the four irreducible representations present in hexagonal rare-earth manganites only the Γ 2 structure is consistent with either ferrimagnetism or ferromagnetism; undoped hexagonal DyMnO 3 is ferrimagnetic at low temperatures and is known to order in the Γ 2 representation. 20 When ordering in the Γ 2 structure the magnetic cross sections of the (H 0 1) reflections depend only on the ordered moment of the Mn ions while those of the (H 0 0) reflections depend only on the ordered moment of the Dy ions. The Mn ordered moment is therefore found to be almost temperature independent below 3.4 K, while the Dy ordered moment decreases continuously with increasing temperature between 2.1 K and 3.4 K.
Assuming a ferrimagnetic structure with ordered moments on the 2a and 4b sites that are antiparallel but equal in magnitude, a refinement of magnetic reflections measured at 1.6 K reveals ordered moments of 3.7 ± 0.4 µ B for the Mn ions and 3.1 ± 0.3 µ B for the Dy ions (1.6 ± 0.2 µ B for each rare-earth site). This structure is displayed in Fig. 2 Figure 2 were produced using VESTA. 31 ) When magnetic domains are fully aligned this ordered moment will lead to a net magnetization of 3.1 ± 0.3 µ B per unit cell (or 0.52 ± 0.05 µ B per formula unit) along the crystallographic c axis, which is consistent with the reported bulk spontaneous magnetization. 27 Allowing for different ordered moments on the Dy 4b and 2a sites did not appreciably improve the fit of the 1.6 K data, nor could allowing for different moments on these sites produce a comparably good fit while yielding a net moment consistent with magnetization measurements. A ferromagnetic ground state can likewise be excluded. A ferromagnetic state with equal ordered moments on the 2a and 4b sites would give no intensity for the (H 0 0) reflections; when ordering in the Γ 2 structure the intensities of these reflections depend on the difference in moment at the rareearth sites:
(a). (The crystal structures shown in
where the ordered moments on the 2a and 4b sites are M 2a and M 4b . A ferromagnetic state with different ordered moments on the 2a and 4b sites is consistent with the neutron diffraction data only while yielding a net moment inconsistent with magnetization measurements. The Mn ordered moment at 1.6 K is close to the full moment value; however, the Dy ordered moment is considerably reduced from the full 10 µ B value of the 6 H 15/2 Dy 3+ ions. The low temperature magnetization in undoped DyMnO 3 would suggest a similarly reduced ordered moment for the Dy ions in the ferrimagnetic phase. The magnetic structure in the antiferromagnetic phase (10 K < T < 70 K) is consistent with an ordered moment on only the Mn sublattice, with order according to either the Γ 1 or Γ 3 irreducible representation. These magnetic structures are shown in Fig. 2(b) . It should be noted that neither of these possibilities are consistent with the structure of the Mn moments in (h)DyMnO 3 , which order in the Γ 4 representation above the low-temperature ferrimagnetic phase. 19 A refinement of magnetic reflections measured at 25 K gives an ordered moment of 3.5 ± 0.4 µ B for the Mn sublattice. The ordered moment at 25 K is comparable in size to that determined at 1.6 K, suggesting a spin reorientation transition where Mn spins rotate between 3.4 K and 10 K with little change in magnitude. Element specific x-ray resonant magnetic scattering measurements on hexagonal DyMnO 3 20 and HoMnO 3 32 have reported a weak rare-earth moment at comparable temperatures, induced by a splitting of the ground-state crystal field doublet. While DYMO might similarly feature a weak Dy ordered moment in this temperature range, neutron scattering measurements will be sensitive to only the much larger ordered moment of the Mn sublattice and the refinement is not improved by allowing for an ordered moment on the Dy sublattice at 25 K.
The magnetic structure of YMnO 3 is known to be the Γ 3 representation. 21 If the antiferromagnetic phase of DYMO were likewise Γ 3 , the spin reorientation transition into the low-temperature Γ 2 phase would differ from the spin reorientation transitions previously observed in hexagonal rare-earth manganites. A magnetic structure in the Γ 1 irreducible representation can be transformed into the Γ 2 representation through a 90
• counterclockwise rotation of all Mn moments. However, a transformation of a structure in the Γ 3 representation as shown in Fig. 2(b) into the Γ 2 representation would require a 180
• rotation of only the Mn moments in the z = 1 2 plane. In other hexagonal rare-earth manganites, it has been suggested 30 that spin reorientation transitions between the four irreducible representations occur via in-phase or antiphase rotations where the moments in adjacent Mn layers rotate with an equal (inphase) or opposite (antiphase) direction. For example, the Mn moments in HoMnO 3 display an in-phase reorientation transition 11 (Γ 4 to Γ 3 ) at T ≈ 40 K and an antiphase transition (Γ 3 to Γ 1 ) at T ≈ 8 K, while the Mn moments in (h)DyMnO 3 display an antiphase rotation 18 have been reported to feature broad temperature ranges where the magnetic structure is not one of the four irreducible representations, the observed structures can still be described as an in-phase or antiphase rotation of all Mn moments away from one of the principal structures.
B. Field dependence of the magnetic order
Below T Dy N = 3.4 K DYMO is ferrimagnetic with a spontaneous net magnetization. Above T Dy N , M (H) curves display symmetric magnetization steps at a critical field value that increases with temperature; the size of these steps decreases with increasing temperature, becoming immeasurably small around 40 K.
27 This behavior is remarkably similar to that previously reported in (h)DyMnO 3 , 8 but the moment increase associated with the magnetization steps in DYMO is about one half of the increase in (h)DyMnO 3 . Figure 3 displays the intensity of the (1 0 0) magnetic Bragg reflection as a function of field with H || c at temperatures between 4 K and 50 K, measured while increasing the field after zero field cooling. For each of these temperatures, we find a sudden drop in the (1 0 0) intensity at a critical field value that increases with temperature. As was shown in Fig. 1 , the intensity of the (1 0 0) reflection will be much higher in the antiferromagnetic phase than in the low-temperature phase, such that this behavior is easily associated with a field-induced transition into the ferrimagnetic phase. The data definitively show a spin reorientation of the Mn moments along with the field-induced ferrimagnetic ordering of the Dy moments, as the intensity of this reflection would not drop if the Mn moments remained ordered in the original structure. The intensity of this reflection in the field-induced phase is weaker than in zero field at low temperature [the dotted horizontal line represents the expected intensity of the (1 0 0) reflection at 2 K and zero I n t e g r a t e d I n t e n s i t y ( a r b . u n i t s ) field]. This likely arises from a considerably smaller Dy ordered moment, consistent with the smaller magnitude of the magnetization steps at higher temperatures in the M (H) curves. Interestingly, neutron diffraction is sensitive enough that this transition is still clearly measurable in the 50 K data, while it could not be measured above 40 K in the magnetization data.
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The field dependence of the intensities at the (1 0 0) and (31 0) reflections at T = 15 K is displayed in Fig. 4 . In Fig. 4(a) , both reflections show the expected transition at µ 0 H c ≈ 1 T; data taken in rising and falling field show only a slight hysteresis, consistent with the small hysteresis of the magnetization steps in the bulk magnetization data. In addition to DYMO, undoped (h)DyMnO 3 displays little hysteresis while magnetization steps in ErMnO 3 33 display considerable hysteresis. The (31 0) reflection displays scattering in the lowtemperature Γ 2 phase and very little scattering in the antiferromagnetic phase, such that this change in intensity is likewise consistent with a field-induced transition between the two. A more detailed view of the (1 0 0) intensity in the high-field region is shown in Fig. 4(b) . Interestingly, the intensity of this peak rises slowly with increasing field up to about 4 T but then decreases with increasing field beyond 5 T. This likely reflects the evolution of the system from ferrimagnetic to ferromagnetic as the field is increased, as the fully polarized state (ferromagnetic with an equal moment for the 4a and 2b sites) would display no scattering at (1 0 0). of this phase is either Γ 1 or Γ 3 , inconsistent with the Γ 4 order observed in undiluted (h)DyMnO 3 .
IV. SUMMARY
19 In the antiferromagnetic phase, a magnetic field applied parallel to the c axis will drive a field-induced transition into the low-temperature ferrimagnetic phase with little hysteresis. Further knowledge of the different magnetic structures and reorientation transitions displayed by the Mn moments in various (h)RMnO 3 materials should lead to improved understanding of the unusual 3d-4f magnetic coupling present in these materials. 19 While the magnetic structure of the antiferromagnetic phase cannot be definitively determined from this experiment, it is clear that Dy 0.5 Y 0.5 MnO 3 displays a zero-field spin reorientation transition not previously observed in any other hexagonal rare-earth manganite. If the magnetic structure is Γ 3 , then the Γ 3 to Γ 2 spin reorientation transition would involve only half of the Mn ions in a manner not observed in other (h)RMnO 3 materials. The H-T phase diagram of HoMnO 3 features a boundary between Γ 1 and Γ 2 phases 13,29 at µ 0 H ≈ 2 T, yet a zero field Γ 1 to Γ 2 spin reorientation transition has not been reported. Further work will be necessary to distinguish between the Γ 1 and Γ 3 structures in the antiferromagnetic phase and to determine if the domain walls arising from this unique spin reorientation will display magnetoelectric coupling as is observed in compounds such as HoMnO 3 16,34 or YMnO 3 .
